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ARTICLE INFO ABSTRACT 
Keywords: Organic acids are one of important flavor and bioactive components in tea beverages, which changed signifi- 
Organic acids cantly during the microbial fermentation of pu-erh tea, but their metabolism is unclear. In this research, pu-erh 
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tea was industrially fermented, and changes in 74 components including 26 organic acids were measured. After 
fermentation, the contents of 20 components decreased [Variable importance in projection (VIP) > 1.0; p < 0.05 
and Fold-change (FC) FC < 0.67], Meanwhile, contents of 13 compounds increased (VIP >1, p < 0.05, and FC > 
1.5). These changes lead to a reddish-brown color, mellow taste, and stale aroma of tea infusion. Tannases, 
laccases, and tyrosinase of Aspergillus, Pigmentiphaga, Agrobacterium, and Rasamsonia were assumed to catalyze 
the hydrolysis and oxidation of polyphenols, which resulted the decrease in gallate catechins and increase in 
gallic acid and theabrownins. The pathways of organic acid metabolism are composed of phenylalanine, tyrosine, 
and tryptophan biosynthesis (ko00400); citrate cycle (ko00020); and C5-branched dibasic acid metabolism 
(ko00660), which are catalyzed by 26 enzymes mainly from Pantoea, Staphylococcus, and Rasamsonia. Together, 
microbial functional genes associated with changes in characteristic components especially organic acids through 
the microbial fermentation of pu-erh tea were systematically revealed. These provide novel insights about the 
fermentation mechanism of ripen pu-erh tea. 


acids such as oxalic acid, malic acid, and citric acid (Chen et al., 2023). 
Organic acids have an vital role in the health effects and flavor of tea, as 
well as also the most significant intermediate metabolites in carbohy- 
drate metabolism, which includes the shikimic acid pathway and 
tricarboxylic acid cycle (Bai, Zhang, Tang, Hou, & Meng, 2021; Oburger, 
Kirk, Wenzel, Puschenreiter, & Jones, 2009). For instance, the umami of 
matcha and Japanese green tea could be improved by 3-o-galloylquinic 
acid, gallic acid, and succinic acid (Kaneko, Kumazawa, Masuda, Henze, 
& Hofmann, 2006; Zhang, Cao, Granato, Xu, & Ho, 2020). Gallic acid, an 
important organic acid in tea leaves has a variety of antioxidant, 
anti-inflammatory and anti-cancer health benefits (Bai et al., 2021). 
Thus, the changes and metabolism of organic acids in tea manufacture is 
of much scientific interest and high commercial value. 


1. Introduction 


Organic acids, as an important kind of acidic water-soluble com- 
pounds, contain one or more carboxyl groups (-COOH), as well as other 
groups such as keto and hydroxyl. As an important component of food, 
organic acids have great influence on the flavor, texture, and freshness 
of food (Qiu, Zhang, Zhou, Li, & Feng, 2021). Organic acids make up 
approximately 3% of the dry matter in tea leaves, which are prepared 
from the tender shoots of Camellia sinensis (L.) O. Kuntze to produce the 
most commonly consumed aromatic beverage in the world (Samynathan 
et al., 2021). The primary organic acids in tea include aromatic acid such 
as benzoic acid, salicylic acid, and cinnamic acid, as well as aliphatic 
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Abbreviations 

RM Raw material 

F56 Eighth turning in fermentation 

GABA _ y-aminobutyric acid 

HPLC High-performance liquid chromatography 

HPAEC High-performance anion-exchange chromatography 


UHPLC-MS/MS_ Ultra High-performance liquid chromatography- 
tande mass spectrometry 


KEGG Kyoto Encyclopedia of Genes and Genomes 

OPLS-DAs Orthogonal Partial Least-Squaresdiscriminant 
Analyses 

VIP Variable importance in the projection 

FC Fold change 


Ripen pu-erh tea, as a famous traditional Chinese tea, is produced 
exclusively in Yunnan Province, Southwest China. This tea is a sun-dried 
green tea made from fresh leaves of Camellia sinensis var. assamica by 
microbial fermentation. It is reported to contain biological activities 
such as regulating blood lipids, bacteriostatic, antioxidant, anti- 
mutation, and antitumor properties (Jia, Rajani, Lv, Fan, & Zheng, 2022; 
Wang, Qiu, Gan, & Zhu, 2021). Core microbiota and their activities in 
fermentation are responsible for the formation of flavor and bioactive 
compounds of ripen pu-erh, including organic acids. It has been reported 
that Penicillium and Rasamsonia emersonii produce organic acids through 
biotransformation during the microbial fermentation of pu-erh (Haas, 
2013; Li et al., 2018; Zhao et al., 2013b). During fermentation, organic 
acids undergo a complex series of reactions, which change the color and 
flavor of ripen pu-erh tea (Lv, Zhang, Yang, Shi, & Lin, 2016). Ina 
previous study, we discovered that tannins were hydrolyzed by tannase 
to form organic acids, which were subsequently esterified to produce 
aromatic compounds (Zhao, Liu, & Li, 2014). Consequently, we hy- 
pothesized that the changes of organic acids in the fermentation of 
pu-erh tea may be linked to functional microorganisms. However, our 
understanding of this topic is limited. 

In this study, pu-erh tea was industrially fermented. The changes in 
sensory characteristics and compounds especially of organic acids were 
investigated using sensory evaluation, high-performance liquid chro- 
matography (HPLC), high-performance anion-exchange chromatog- 
raphy (HPAEC), and ultra high-performance liquid chromatography- 
tande mass spectrometry (UHPLC-MS/MS). In addition, the functional 
microorganisms and their genes encoding enzymes involved in the 
metabolism of organic acids were investigated through analysis of 
metagenomic data. These results advance our insights into the fermen- 
tation metabolism of pu-erh tea, especially organic acids. 


2. Materials and methods 
2.1. Chemicals and reagents 


Reference standards of the 16 characteristic compounds, which 
include eight catechins [(+)-catechin, (—)-gallocatechin, (—)-epi- 
catechin, (—)-epigallocatechin, (—)-catechin gallate, (—)-epicatechin 
gallate, (—)-gallocatechin gallate, and (—)-epigallocatechin-3-gallate], 
six flavonoids (rutin, myricetin, luteolin, quercetin, kaempferol, and 
taxifolin), and two alkaloids (theophylline and caffeine) were obtained 
from Manster Biotechnology Co., Ltd. (Chengdu, China). Reference 
standards for 16 free amino acids, such as glutamic acid, aspartic acid, 
serine, histidine, glycine, arginine, threonine, alanine, cysteine, tyro- 
sine, methionine, phenylalanine, leucine, isoleucine, lysine, and proline, 
were obtained from Agilent Technologies (Beijing, China). Reference 
standards of y-aminobutyric acid (GABA) and 1-theanine were obtained 
from the National Institutes for Food and Drug Control (Beijing, China). 


LWT 203 (2024) 116304 


Reference standards for 26 organic acids, such as isobutyric acid, pro- 
pionic acid, butyric acid, lactic acid, oxalic acid, valeric acid, malonic 
acid, hexanoic acid, isovaleric acid, and 4-methylvaleric acid, were 
obtained from Sigma-Aldrich (St. Louis, MO, USA). Every reference 
standard has a purity level of more than 98%. 


2.2. Fermentation of pu-erh tea and sample collection 


The fermentation of pu-erh tea was carried out according to the 
traditional spontaneous fermentation method between October and 
December 2020 at Xiaguan Tuo Tea Co., Ltd., Yunnan, China. Sun-dried 
green tea leaves were sprayed to a moisture content of about 40% and 
piled up about 1 m high, which were then turned over once every seven 
days for a total of eight times. The fermentation was ended after 56 days. 
Two kilogram samples of tea leaves were gathered from each turnover 
and split into two sections, one of which was at —80 °C kept for meta- 
genomic analysis. The other part was freeze-dried and used for sensory 
evaluation and chemical compositions analysis (Table S1). 


2.3. Sensory evaluation of tea leaves 


The sensory evaluation of tea leaves was based on the Chinese 
standard GB/T 23776-2018 (Gong et al., 2018), and was conducted by 
nine trained sensory testers (aged 24-48 years, four females and five 
males). This was performed in a specially designed sensory evaluation 
room with a temperature of 25 °C as well as a relative humidity of less 
than 70%. In short, each sample was equally distributed on trays eval- 
uated visually for the appearance characteristics in tea leaves, such as 
color, integrity, clarity, and streaking. After that, 3 g dry tea leaves were 
added to 150 mL of boiled water for 5 min. The infused tea was evalu- 
ated for aroma, color, and taste. 


2.4, Measurement of characteristic components in tea leaves 


The contents of the characteristic compounds in tea leaves, including 
water extracts, free amino acids, tea polyphenols, soluble sugars, and tea 
pigment (theabrownins, thearubigins, and theaflavins) were measured 
spectrophotometrically according to the previous method (Wang, Peng, 
& Gong, 2011). 

As previously mentioned (Nian et al., 2019), sixteen characteristic 
compounds such as catechins (eight compounds), flavonoids (six com- 
pounds), and alkaloids (two compounds) (Section 2.1), were measured 
by HPLC using an Agilent 1200 series HPLC system (Agilent Technolo- 
gies, Santa Clara, CA, USA), and separated in an analytical Agilent 
Poroshell 120 EC-C 18 column (4.6 mm x 100 mm, 2.7 pm, Agilent 
Technologies, Santa Clara, CA, USA). 


2.4.1. Quantification of saccharides 

Ten monosaccharides, namely, glucose, fructose, trehalose, maltose, 
sucrose, fucose, rhammose, arabinose, galactose, and ribose were 
analyzed by HPAEC using a CarboPac PA-1 anion-exchange column (4.0 
x 250 mm; Dionex) and a pulsed amperometric detector (PAD; Dionex 
ICS 5000 system). The analytical conditions were as follows, solvent A, 
water (0.1 M NaOH); solvent B, water (0.1 M NaOH and 0.2 M NaAc); 
gradient program, A/B (95:5, v/v) at 0 min, A/B (80:20, v/v) at 30 min, 
A/B (60:40, v/v) at 30.1 min, A/B (60:40, v/v) at 45 min, A/B (95:5, v/ 
v) at 45.1 min, and A/B (95:5, v/v) at 60 min; injection volume, 5 pL; 
flow rate, 0.5 mL/min. The content of pectin was determined following 
to the method mentioned by Wang, Yeats, Uluisik, Rose, and Seymour 
(2018). The content of crude fiber was measured according to the AOCS 
standard method Ba 6a-5 (Dey, Gu, Ek, Rangira, & Ganjyal, 2021). The 
content of anylum was measured according to the method mentioned 
by Shi, Gu, Lu, and Lu (2018). 


2.4.2. Quantification of free amino acids 
The quantification of 18 free amino acids (Section 2.1) in tea leaves 
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was determined by HPLC combined with fluorescence detection using 
online o-phthalaldehyde (OPA) derivatization approach (Ma et al., 
2017; Zhao, Ma, et al., 2013Zhao et al., 2013a). 


2.5. Targeted quantification of organic acids 


2.5.1. Derivatization of organic acid standards 

Mixed standards of 26 organic acids (Section 2.1) were derivatized 
with 10 pL of 0.1M 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide 
(EDC) and 10 pL of 0.1M (SCFA)-3-nitrophenylhydrazones (3NPH) and 
the reaction was allowed to proceed for up 30 min at 40 °C (Han et al., 
2013). 


2.5.2. Sample preparation and extraction 

Approximately, samples were extracted using 1 mL of extraction 
solution (methanol: chloroform = 7: 3), and the extraction wans per- 
formed on ice for 30 min. Following this, 600 pL of HzO was added and 
the mixture was centrifuged at 13,000 ref at 4 °C for 10 min. The su- 
pernatant was collected and the extraction process was repeated. The 
supernatant extracted from the second round of extraction was collected 
into a tube. Samples were then derivatized as described in section 2.5.1. 


2.5.3. UHPLC conditions 

The sample extracts were analyzed using a UHPLC-Orbitrap-MS 
system (UPLC, Vanquish; MS, QE; Thermo, USA). The analytical con- 
ditions were as follows, UPLC: column, Waters BEH C18 (50 x 2.1 mm, 
1.8 pm); column temperature, 40 °C; flow rate, 0.35 mL/min; injection 
volume, 2 pL; solvent A, water (0.1% formic acid); solvent B, acetonitrile 
(0.1% formic acid); gradient program, A/B (90:10, v/v) at O min, A/B 
(90:10, v/v) at 2.0 min, A/B (10:90, v/v) at 12.0 min, A/B (10:90, v/v) 
at 14.0 min, A/B (90:10, v/v) at 14.1 min, and A/B (90:10, v/v) at 16.0 
min; flow rate, 0.35 mL/min; injection volume, 2 pL. 


2.5.4, LC-MS/MS analysis 

HRMS data were recorded on a Q Exactive hybrid Q-Orbitrap mass 
spectrometer equipped with a heated ESI source (Thermo Fisher Scien- 
tific) utilizing the Fullms-ms2 acquisition methods. The ESI source pa- 
rameters were set as follows: spray voltage, —2.8 kV; sheath gas 
pressure, 40 arb; aux gas pressure, 10arb; sweep gas pressure, 0 arb; 
capillary temperature, 320 °C; and aux gas heater temperature, 350 °C. 


2.6. Analysis of microorganisms and functional genes associated with the 
metabolism of organic acids 


Samples of F7, F28, and F56 were delivered to Gene Denovo 
Biotechnology Co., Ltd. (Guangzhou, China) for analysis, and meta- 
genomes were sequenced on an Illumina Novaseq 6000 sequencer. The 
DNA extraction, library construction, and sequencing of ripen pu-erh tea 
samples were referred to the method of Alessandra, Stefania, David, and 
Martina (2021). Metagenomic data have been uploaded to the National 
Center for Biotechnology Information (NCBI) Sequence Read Archive 
database (SRA), with accession numbers of 
SAMN37712889-SAMN37712897. The functional genes and differen- 
tially changed chemical compounds were both annotated into the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) database, and the meta- 
bolic pathways were constructed. 


2.7. Statistical analysis 


Experimental data are expressed as mean + standard deviation (SD) 
of not less than three replicates of each condition. The statistical sig- 
nificance of the differences between samples was determined using one- 
way analysis of variance and Dunnett’s multiple comparison test, a 
difference of p < 0.05 was regarded as statistically significant. Differ- 
entially changed metabolites were screened by orthogonal partial-least- 
squares discriminant analyses (OPLS-DAs) using a MetaboAnalyst 6. The 
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variable importance in the projection (VIP) of >1.0, p < 0.05, and fold 
change (FC) of >0.67 or < 1.5 were regarded as differentially changed 
metabolites. 


3. Results and discussion 
3.1. Changes in sensory characteristics 


A total of nine samples from the fermentation process of pu-erh tea 
were collected, as shown in Fig. 1. The sensory evaluation indicated that 
in the early stages of fermentation, the tea infusion had a yellow-green 
color, smelled fresh, and tasted slightly astringent (sample RM). In the 
middle of fermentation, the color of the tea infusion turned red and 
bright, and the tea had a slightly sour taste. On the 56th day of 
fermentation, the freshness and sourness faded, and a slightly stale fla- 
vor appeared. This change in sensory quality is similar to that discovered 
during the general fermentation of pu-erh tea (Zhao et al., 2019). 
Interestingly, changes in sensory quality are considered to be strongly 
correlated with changes in metabolites. Consequently, we further 
investigate the changes in the characteristic components in pu-erh tea 
fermentation using spectrophotometry and HPLC methods. 


3.2. Changes in characteristic components 


HPLC or spectrophotometric methods were used to determine the 
contents of 48 characteristic components in tea leaves (Fig. 2A). Water 
extract, as one of the most critical indicators of tea quality, is the main 
flavoring substance in tea infusion. (Li et al., 2017). Its content was 
48.08% in RM, and it decreased to 41.78% in F56. This trend was 
seminar to that in a report by Gong and Li et al. (Gong, Zhou, Zhang, 
Song, & An, 2005; Li et al., 2017). Tea polyphenols with 27.86% RM 
decreased significantly to 13.56% in F56 (Fig. 2A). It is consistent with 
previous findings that microbial fermentation significantly decreased 
the concentration of tea polyphenols in dark teas, such as Fu brick, 
Pu-erh, and Qingzhuan (Cheng et al., 2020; Li et al., 2017; Qin, Li, Tu, 
Ma, & Zhang, 2012). After fermentation, the content of the tea poly- 
phenols affects the astringency and bitterness taste of tea infusion (Zhu 
et al., 2020), significantly decreased from 27.86% to 13.56% (p < 0.05) 
(Fig. 2A). The content of flavonoids declined from 10.88 mg/g to 3.94 
mg/g (Fig. 2A), and the contents of both thearubigins and theaflavins 
were significantly reduced (p < 0.05). This reduction of flavonoids 
decrease the bitter and astringent taste of pu-erh tea infusion (Li et al., 
2022). The theophylline content at 0.15 mg/g in RM reduced signifi- 
cantly to 0.03 mg/g in F56 (Fig. 2A). In addition, soluble sugar was the 
main substance that affected the taste of tea infusion; it decreased from 
62.8 mg/g in RM to 49.01 mg/g in F56 (p < 0.05), and the content of 
amylum, galactose, and pectin reduced significantly (p < 0.05) (Fig. 2A). 

Instead, significant increases (p < 0.05) in theabrownins, caffeine, 
and four sugars (ribose, crude fiber, glucose, and sucrose) were were 
observed. Theabrownins contributes an key role in the formation of 
ripen pu-erh tea quality, and it is the material basis of the special brown 
color in the tea infusion. Caffeine is the most abundant alkaloid in pu-erh 
tea, and its content increased from 26.61 mg/g to 26.82 mg/g after 
fermentation (Fig. 2A). Furthermore, levels of ribose, crude fiber, 
glucose, and sucrose increased after fermentation compared with RM 
(Fig. 2A). 

Free amino acids are closely related to the freshness and lightness of 
tea infusion and aroma substances (Zhang et al., 2020; Zhu et al., 2020). 
The free amino acid content decreased from 1.65% in RM to 0.90% in 
F56 (Fig. 2A). Meanwhile, the concentration of 18 free amino acids in 
pu-erh tea exhibited different change trends. Compared with RM, the 
content of threonine, methionine, valine, cysteine, and tyrosine 
increased after fermentation (p < 0.05). On the contrary, the content of 
other 13 free amino acids, i.e., alanine, glycine, arginine, proline, 
aspartate, histidine, glutamic acid, serine, phenylalanine, GABA, 
isoleucine, leucine, and theanine, decreased (p < 0.05). Free amino 
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Fig. 1. Change in sensory characteristic of tea samples during the fermentation of pu-erh tea. 


acids, such as .-theanine, glutamic acid, and aspartic acid, closely 
related to the umami taste of tea infusions (Yang et al., 2018). Conse- 
quently, the decrease in free amino acid content after fermentation was 
related to the reduction in the umami of tea infusion. The free amino 
acids can be reduced by microbial consumption as a source of nitrogen, 
by decarboxylation and deamidation, or by participation in other re- 
actions to form new compounds (Li et al., 2022). In summary, tea 
polyphenols, tea pigments, alkaloids, catechins, flavonoids, and sac- 
charides were metabolically active, consistent with previous reports of 
changes discovered during the fermentation pu-erh tea (Zhao et al., 
2019). 


3.3. Changes in organic acids 


Organic acids are believed play an key role in the taste of tea infu- 
sion, especially the sour taste. Moreover, they have several health ben- 
efits such as antioxidants and regulation of intestinal flora (Chen et al., 
2023). A total of 26 organic acids were detected in tea leaves in the 
present study,(Fig. 2B). In RM, the main organic acids were oxalic acid, 
quinic acid, citric acid, and malic acid. After fermentation, the major 
organic acids in fermented tea leaves were oxalic acid, gallic acid, quinic 
acid, and lactic acid. The contents of benzoic acid, gallic acid, glutaric 
acid, D(—)-tartaric acid, and itaconic acid were significantly increased 
(p < 0.05) after fermentation. The gallic acid content at 1.25 mg/g in RM 
increased significantly to 13.17 mg/g in F56. This trend was seminar to a 
report by Zhao et al. (2019). Interestingly, gallic acid has multiple 
physiological functions such as anticancer, antioxidant, and 
anti-inflammatory activities (Bai et al., 2021). On the other hand, there 
was a significant decrease (p < 0.05) in seven organic acids such as 
oxalic acid, ellagic acid, shikimic acid, quinic acid, malic acid, and citric 
acid. In addition, there was no significant change in the content of 
valeric acid, fumaric acid, maleic acid, and pimelic acid (p > 0.05). 


3.4. Multivariate statistical analysis of differentially changed chemical 
compounds 


To further analyze the change trends, differentially changed me- 
tabolites were screened using multivariate statistical analysis. Principal 
component analysis (PCA; Fig. 3A) showed a resulting large distance 
between RM and F56, indicating that the metabolite composition and 
content of tea were significantly changed by fermentation. After 
fermentation, the contents of 20 metabolites compared to RM decreased 
(VIP >1, p < 0.05, and FC < 0.67), such as epigallocahechin-3-gallate, 
epicatechin-3-gallate, epigallocatechin, theanine, kaempferol, and 
serine. These reduced metabolites were categorized as alkaloids (one 


metabolite), catechins (six metabolites), flavonoids (two metabolites), 
free amino acids (five metabolites), organic acids (five metabolites), 
saccharides (one metabolite), and tea pigments (one metabolite). In 
contrast, the contents of 13 metabolites increased compared with RM 
(VIP >1, p < 0.05, and FC > 1.5), such as D(—)-tartaric acid, gallic acid, 
glucose, cysteine, sucrose, and theabrownins. These were grouped into 
free amino acids (three metabolites), organic acids (four metabolites), 
tea pigments (one metabolite), and saccharides (three metabolites) 
(Fig. 3B). 

Notably, the levels of most polyphenols including flavonoids, cate- 
chins, and tea pigments were reduced. In contrast, the contents of 
glucose and gallic acid increased 8.27-fold and 14.91-fold, respectively. 
Tannase has been reported to catalyze the breakdown of ester and 
depside linkages in hydrolyzable tannins (e.g., tannic acid), which 
generates glucose and gallic acid (Lekshmi, Arif, Thirumalai, & Kalees- 
waran, 2021). In the metagenomic sequences, a total of 126 genes 
encoding tannases were identified; these were mainly encoded by 
Aspergillus, Pigmentiphaga, Agrobacterium, and Rasamsonia (Fig. 3C). 
Therefore, we hypothesized that these microbiota secreted tannases, 
which hydrolyze gallates to release gallic acid and glucose, leading to a 
decrease in levels of gallate catechins and an increase in gallic acids. In 
addition, 22 genes encoding laccase and 18 genes encoding tyrosinase 
were identified as polyphenol oxidases (Fig. 3C). Of these, laccase is 
mainly encoded by Rasamsonia, Aspergillus, Cryptococcus, and Klebsiella, 
while tyrosinase is encoded by Aspergillus, Rasamsonia, and Lachnellula 
(Fig. 3C). Our previous study reported that these laccases and tyrosi- 
nases may catalyze the oxidation of phenolic compounds to form qui- 
nones, resulting in a decrease in polyphenol content and an increase in 
the content of the theabrownins (Ma et al., 2022), which are the com- 
pounds responsible for the healthful benefits and brownish-red color of 
pu-erh tea (Huang et al., 2019). 


3.5. KEGG pathway of differentially changed organic acids 


Differentially changed organic acids were annotated into 9 KEGG 
metabolism pathways (Fig. 4A). Six metabolic pathways were signifi- 
cantly enriched (p < 0.05) (Fig. 4B), namely, citrate cycle (TCA cycle), 
glyoxylate and dicarboxylate metabolism, pyruvate metabolism, 
phenylalanine, tyrosine, and tryptophan biosynthesis, and carbon fixa- 
tion in photosynthetic organisms. We believe that the above microbial 
metabolism leads to changes in organic acids during fermentation. 
Therefore, we further analyzed metagenomic data to elucidate the mi- 
crobial genera and functional genes involved in the above metabolic 
pathways. 
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Fig. 2. Content changes of 48 characteristic compounds in tea leaves during fermentation. * indicates a significant difference (A) and the content changes of 26 


organic acids. * indicates a significant difference (p < 0.05) (B). 
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Fig. 3. Multivariate statistical analysis of changes in chemical components after fermentation. PCA of chemical compounds (A), changes and classification of all 33 
differentially changed metabolites (B), and microbial functional genes involved in the metabolism of polyphenols (C). 
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Fig. 4. KEGG pathway analysis of differentially changed organic acids. Statistical maps of KEGG functional pathways (A) and KEGG pathway enrichment anal- 


ysis (B). 
3.6. Microbial metabolism involved in changes in organic acids 


The metagenomes of three tea samples (F7, F28, and F56) with three 
replicates were sequenced on the Illumina platform, which yielded an 
average of 73,930,718 Raw reads per sample. Therefore, we combined 
these metagenomic sequencing data to reconstruct the metabolic 
network of organic acids of differentially changed organic acids during 
fermentation of pu-erh tea (Fig. 5B). A total of 30 microbial genera with 
the highest relative abundance and 28 enzymes related to organic acids 
were annotated into these metabolic networks, which were thought to 
be involved in the metabolism organic acids (Fig. 5A). Notably, the 
abundance of genes encoding enzymes regulating the metabolism and 
formation of organic acids increased with fermentation time (Fig. 5A). 
First, the substrates (mainly starch, cellulose, and sucrose) are sequen- 
tially metabolized by the enzyme via starch and sucrose metabolism and 
glycolysis/gluconeogenesis pathway into four important intermediate 
metabolites including a-p-glucose-1P, phosphoenolpyruvate, pyruvate, 
and acetyl-CoA (Fig. 5B), which, at the same time, are the central 
compounds in organic acid metabolism (Liu et al., 2019). 

Phosphoenolpyruvate is converted to 3-dehydroquinic acid via the 
phenylalanine, tyrosine, and tryptophan biosynthesis pathway 
(ko00400) catalyzed by 3-deoxy-7-phosphoheptulonate synthase 
(EC:2.5.1.54) and the 3-dehydrogenate synthase (EC:4.2.3.4) enzymes 
to 3-dehydroquinic acid. 3-Dehydroquinic acid is mutually transformed 
with shikimic acid via catalysis by 3-dehydroquinate dehydratase I 


(EC:4.2.1.10) and shikimate dehydrogenase (EC1.1.1.25). Pantoea, 
Pseudomonas, and Staphylococcus are key microorganisms in this 
pathway. On the other hand, 3-dehydroquinic acid and quinic acid can 
be mutually transformed; quinate/shikimate dehydrogenase 
(EC:1.1.5.8) and quinate dehydrogenase (quinone) (EC:1.1.1.282) are 
the key enzymes in this pathway. 

Meanwhile, phosphoenolpyruvate is produced from pyruvate in the 
glycolysis/glycolysis pathway (ko00010) catalyzed by pyruvate kinase 
(EC: 2.7.1.40), which is then further converted to an intermediate 
metabolite (acetyl-CoA) by 2-oxoacid ferredoxin oxidoreductase subunit 
alpha (EC:2.7.1.40) through catalyzed transformation. Acetyl-CoA en- 
ters the TCA cycle (ko00020) to produce important intermediates, 
including oxaloacetic acid, malic acid, succinic acid, 2-oxoglutarate, cis- 
aconitic acid, and citric acid. Of these, malic acid is mutually trans- 
formed with oxaloacetic acid through the action of malate dehydroge- 
nase (EC:1.1.1.37) along with succinic acid in fumarate hydratase, class 
I (EC:4.2.1.2), fumarate reductase flavoprotein subunit (EC:1.3.5.4), and 
malate dehydrogenase (EC:1.1.1.37). Pantoea, Aspergillus, and Rasam- 
sonia are the main microbial genera containing genes encoding enzymes 
related to cis-aconitic acid metabolism [aconitate decarboxylase 
(EC:4.1.1.6)]. Therefore, cis-aconitic acid can be further transformed 
into itaconic acid by aconitate decarboxylase (EC:4.1.1.6). Meanwhile, 
the genera of microorganisms that produce the most itaconic acid 
metabolism enzymes were Pantoea, Rasamsonia, and Aspergillus. 2-Oxo- 
glutarate is converted by glutamate synthase (NADPH) large chain 
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Fig. 5. Functional microorganisms related to differentially changed organic acids and their enzyme profiles during fermentation of pu-erh tea (A) and microbial 
metabolic network related to the formation of differentially changed organic acids in pu-erh tea based on the KEGG database (B). Note: The horizontal coordinates 
represent the selected microbial genera, while the vertical coordinates represent the corresponding enzyme number (EC number). The colors of the bubbles indicate 
different fermentation times, and the size of the bubbles corresponds to the relative abundance of the genes encoded by the relevant enzymes. 
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(EC:2.3.3.14) and saccharopine dehydrogenase (NAD*, 1-lysine form- 
ing) (EC:1.5.1.7) to lysine, which is catalytically converted to glutaric 
acid by lysine 2-monooxygenase (EC:1.13.12.2) and _ glutarate- 
semialdehyde dehydrogenase (EC:1.2.1.20). Genes encoding related 
enzymes for glutaric acid are most abundant in the later stages of 
fermentation and are produced mainly by Pseudomonas, Pluralibacter, 
and Klebsiella. In addition, glutaric acid is converted to succinic acid by 
the action of (S)-2-hydroxyglutarate dehydrogenase (EC:1.1.5.13) and 
glutarate dioxygenase (EC:1.14.11.64). 

To sum up, the pathways of organic acid metabolism are composed 
of phenylalanine, tyrosine, and tryptophan biosynthesis (ko00400); TCA 
cycle (ko00020); and C5-branched dibasic acid metabolism (ko00660). 
Notably, a total of 2834 genes encoding 26 enzymes involved in organic 
acid metabolism, which are mainly produced by Pantoea, Staphylo- 
coccus, and Rasamsonia, were identified. The metagenomics technology 
aims to investigate the microbial diversity, population structure, func- 
tional activity, and interactions of microorganisms in the fermentation 
of pu-erh tea by taking the microbial population genome as the research 
object. Nevertheless, it poses a challenge to identify the activity and 
gene expression levels of microorganisms in pu-erh tea. The tran- 
scriptomics technology can elucidate the expression level of genes at the 
RNA level, while the expression of related genes can be verified by 
quantitative real-time PCR, thus revealing the microbial activity in the 
fermentation of pu-erh tea. Therefore, the integration of metagenomics 
and transcriptomics can evaluate the expression levels of microbial en- 
zymes related to organic acid metabolism at different fermentation 
times of pu-erh tea. 


4. Conclusions 


After fermentation, 33 chemical components significantly changed, 
resulting in the reddish-brown color, mellow taste, and stale aroma of 
tea infusion. Aspergillus, Pigmentiphaga, Agrobacterium, and Rasamsonia 
were assumed to secrete tannase, laccases, and tyrosinases that catalyze 
the hydrolysis and oxidation of polyphenols, which resulted the 
decrease in gallate catechins and an increase in gallic acid and thea- 
brownins. Twenty-six enzymes mainly from Pantoea, Staphylococcus, and 
Rasamsonia were annotated into phenylalanine, tyrosine, and trypto- 
phan biosynthesis (ko00400); TCA cycle (ko00020); and C5-branched 
dibasic acid metabolism (ko00660), which are thought to catalyze the 
metabolism of organic acid. These shed light on the metabolism of 
chemical components, especially organic acids, in pu-erh tea fermen- 
tation, and they advance our insights into the mechanism of pu-erh tea 
fermentation. 
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